Introduction {#s1}
============

Eukaryotes, ranging from yeasts to multicellular metazoans, interact with their environment, constantly sampling it for physico-chemical signals or cues for proper growth and development. Extracellular ligands or stimuli detected by membrane bound GPCR (G- protein coupled receptors) are transmitted to the cell interior by heterotrimeric (αβγ) guanine nucleotide binding proteins (G-proteins), which function as intrinsic molecular switches. Ligand activated receptors promote the exchange of GDP to GTP on cognate Gα~S~ subunit, triggering its dissociation from the βγ, thereby rendering it active to signal downstream [@ppat.1003527-Dohlman1]. Both Gα~S~·GTP and Gβγ moieties subsequently propagate the signal through a host of downstream effectors, which include ion channels, adenylate cyclases, phosphodiesterases and phospholipases [@ppat.1003527-Tesmer1], [@ppat.1003527-Neves1]. The foremost of these is adenylate cyclase that synthesizes the second messenger Cyclic AMP (cAMP) from ATP. Active signaling by the Gα~S~·GTP persists until the bound GTP is hydrolyzed to GDP, by the intrinsic GTPase activity of Gα~S~, permitting Gα~S~ to re-associate with Gβγ to form an inactive complex, and thereby commencing a fresh cycle of signaling [@ppat.1003527-Dohlman1], [@ppat.1003527-Bosch1].

The duration of active signaling by Gα~S~ is dependent on the nucleotide state of the Gα~S~ subunit. In addition to the intrinsic GTPase activity of Gα~S~, the hydrolysis of GTP to GDP is regulated and fine-tuned by RGS proteins, which ultimately influence the duration of active G-protein signaling [@ppat.1003527-Dohlman2], [@ppat.1003527-Siderovski1]. RGS proteins are highly conserved negative regulators of G-protein signaling and function by stabilizing the switch regions on the Gα~S~ subunit which undergo a conformational change upon GTP hydrolysis, thereby accelerating the rate of hydrolysis of bound GTP to GDP on the active Gα~S~ subunit [@ppat.1003527-Berman1], [@ppat.1003527-Hunt1], [@ppat.1003527-Lan1], [@ppat.1003527-Tesmer2], [@ppat.1003527-Watson1].

In conjunction with upstream GPCRs, heterotrimeric G-proteins regulate a wide-range of cellular and developmental pathways including aspects of nutrient sensing, mating and pathogenesis in fungi and yeasts [@ppat.1003527-Li1]. For example, they are involved in sensing glucose in *S. cerevisiae* and *S. pombe*; amino acids in *C. albicans* and *C. neoformans* [@ppat.1003527-Lemaire1], [@ppat.1003527-Maidan1], [@ppat.1003527-Welton1], [@ppat.1003527-Xue1] and carbon sources in *N. crassa*, *A. nidulans* and *B. cinerea* [@ppat.1003527-Li2], [@ppat.1003527-Lafon1], [@ppat.1003527-Doehlemann1]. Additionally, G-proteins are involved in the pheromone response pathway in *S. cerevisiae* [@ppat.1003527-Bardwell1] and regulate mating and fruiting body formation in ascomycete fungi such as *A. nidulans, N. crassa and M. oryzae*, as well as basidiomycetes such as *U. maydis* and *C. neoformans* [@ppat.1003527-Li1], [@ppat.1003527-Seo1], [@ppat.1003527-Seo2], [@ppat.1003527-Liu1], [@ppat.1003527-Nishimura1], [@ppat.1003527-Muller1], [@ppat.1003527-Regenfelder1], [@ppat.1003527-Alspaugh1], [@ppat.1003527-Alspaugh2], [@ppat.1003527-Wang1].

G-protein signaling also plays an important role in regulating disease causing ability and progression (infection structure formation, pathogenicity factors or toxin production) in many plant and animal pathogens. A wide range of filamentous phyto-pathogens such as *C. parasitica*, *M. oryzae*, *U. maydis*, *B. cinerea*, *F. oxysporum*, *C. trifolii*, *S. nodorum* and *A. alternata* disrupted for trimeric G-proteins are defective in pathogenicity [@ppat.1003527-Li1], [@ppat.1003527-Liu1], [@ppat.1003527-Nishimura1], [@ppat.1003527-Muller1], [@ppat.1003527-Gao1], [@ppat.1003527-Segers1], [@ppat.1003527-Kasahara1], [@ppat.1003527-Liang1], [@ppat.1003527-Kruger1]. Similarly, functional G-protein cascades play a crucial role in establishing pathogenicity in human pathogenic fungi like *C. neoformans A. fumigatus* and *C. albicans* [@ppat.1003527-Maidan1], [@ppat.1003527-Xue1], [@ppat.1003527-Alspaugh1], [@ppat.1003527-Alspaugh2], [@ppat.1003527-Liebmann1], [@ppat.1003527-Liebmann2].

In general, when and where G-protein signaling modules are activated in the context of cell shape and cellular geometry has a profound implication on downstream responses and behavior. As a result, cells have evolved complex molecular mechanisms to compartmentalize and thereby control the spatial and temporal dynamics of signaling pathways. In mammalian cells, signal compartmentalization is achieved by sequestration and/or anchoring of key regulators and effectors on different subcellular organelles, supramolecular complexes or scaffold proteins such as AKAPs (A-kinase anchoring proteins) [@ppat.1003527-Perino1], [@ppat.1003527-Cowan1]. Anchoring of signaling proteins endows the cell with a host of advantages, which include the ability to specifically target and activate signaling pathways or components within a defined region of the cell, thereby preventing non-specific or off-target effects. Furthermore, signal anchoring *per se* can help the cell integrate and achieve modularity of signaling responses and ultimately regulate the amplitude and temporal duration of signaling in a precise manner [@ppat.1003527-Murphy1].

The endosomal system represents a highly dynamic and biochemically specialized continuum of membranous tubulo-vesicular compartments involved primarily in the sorting, delivery and degradation of a diverse array of cargoes (macromolecules, biological signals) and maintaining cellular homeostasis. Cargo can enter the endolysosomal pathway either through endocytosis or internalization that takes place at the cell surface or through transport from internal biosynthetic pathways. The endosomal system is broadly categorized into early, late/MVBs (multi vesicular bodies) and recycling compartments. Each compartment is inherently programmed to carry out specific cellular functions. Early endosomes represent the first sites within which internalized components are deposited. Upon internalization, the components may be recycled back to the plasma membrane or may enter a late endosome/MVB for transport into the vacuole/lysosome. Early endosomal compartments usually mature over time, become increasingly acidic, and undergo homotypic fusions to form either late endosomes or accumulate intraluminal vesicles to develop MVBs. As they mature, the early endosomes first lose the Rab5 GTPase and eventually acquire Rab7 GTPase thereby becoming competent to undergo fusion with the degradative vacuole [@ppat.1003527-Huotari1], [@ppat.1003527-VonBartheld1]. Endosomes are known to serve functions beyond cargo sorting. Recent findings suggest that endosomal compartments additionally function as signaling anchors/platforms, integrating membrane trafficking and intracellular signal transduction [@ppat.1003527-Day1], [@ppat.1003527-Flinn1], [@ppat.1003527-Taelman1], [@ppat.1003527-Contento1], [@ppat.1003527-Miaczynska1], [@ppat.1003527-Seto1].

Upon hydration, the asexual spores produced by *M. oryzae* germinate to form slender germ tubes, which respond to inductive surface cues such as hydrophobicity and hardness, to undergo morphogenic transitions to ultimately form an infection cell known as the appressorium. One of the most critical steps during early pathogenic differentiation in *M. oryzae* is the "hooking" stage wherein the germ tube tip switches from polarized to isotropic growth (3--4 hpi) and subsequently forms an appressorium (8--12 hpi). It is thought that hooking constitutes a "recognition phase" in which surface characteristics are sensed and assessed prior to commitment to appressorium formation [@ppat.1003527-Wilson1], [@ppat.1003527-Li3].

A host of genetic studies carried out over the last decade have established that components of the G-protein/cAMP signaling cascade are highly conserved and play an important role in regulating various aspects of asexual development, appressorium formation, disease establishment and progression in *M. oryzae* [@ppat.1003527-Liu1], [@ppat.1003527-Adachi1], [@ppat.1003527-Choi1], [@ppat.1003527-Lee1], [@ppat.1003527-Ramanujam1], [@ppat.1003527-Liu2], [@ppat.1003527-DeZwaan1]. However, little is known about the subcellular dynamics and/or the spatio-temporal organization of the critical cAMP-signaling module. In this study, we determine the intracellular localization of the G-protein cascade in *M. oryzae* with particular emphasis on the dynamics of active signaling components during the crucial stages of host surface sensing and recognition. We further demonstrate that the late endosomes represent important sites of active G-protein signaling and that the disruption of late endosomal integrity results in the disruption of host surface based signaling and subsequent disease causing ability. Our results unravel an elegant adaptive mechanism in *M. oryzae* for anchoring and trafficking of G-protein signaling components for cAMP synthesis during initiation of infection-related growth and development.

Results {#s2}
=======

Inductive surface induced dynamics of Rgs1 {#s2a}
------------------------------------------

RGS proteins (Regulator of G-protein Signaling) play a crucial role in controlling the intensity and duration of early G-protein signaling [@ppat.1003527-Dohlman1], [@ppat.1003527-Siderovski1]. We utilized live cell imaging to gain insight into the spatial and temporal dynamics of Rgs1 in *M. oryzae*, particularly during the early events of surface recognition and appressorium morphogenesis.

Imaging was performed on germinating conidia at 2 and 4 hpi on an inductive surface. Ungerminated conidia (0 hpi) were used as a control. Rgs1-mCherry (mC) was present on less dynamic punctate vesicles in ungerminated conidia; however it localized to highly dynamic and distinct tubulo-vesicular structures during the stages of germination and hooking ([Figure 1A](#ppat-1003527-g001){ref-type="fig"}).

![Subcellular localization and spatio-temporal dynamics of the negative regulator of G-protein signaling (Rgs1) in *M.* *oryzae*.\
(**A**) A schematic of the time line and key morphogenic transitions exhibited by *M. oryzae* in response to inductive cues. Gt: developing germ tube; and Ap: incipient appressorium at the hooking stage. Lower panels are maximum intensity Z-projections of five confocal slices, 0.5 µm each, of Rgs1-mCherry (pseudocolored yellow) strain at the corresponding time points. Arrowheads indicate punctate (0 h) and tubulo-vesicular compartments of Rgs1 in the developing germ tube (2 h) and the incipient appressorium (4 h). Scale bar, 10 µm. (**B**) Bi-directional mobility of Rgs1-mCherry tubulo-vesicular compartments, 4 hpi. Red arrows indicate the direction of movement of Rgs1 compartments towards either the appressorium or the terminal cell of the conidium (asterisk). Elapsed time indicated in seconds. Images are in maximum intensity Z-projections of five confocal stacks, 0.5 µm each. See also [Video S1](#ppat.1003527.s002){ref-type="supplementary-material"}. Scale bar = 10 µm.](ppat.1003527.g001){#ppat-1003527-g001}

We next asked if the formation of the tubulo-vesicular structures or the observed dynamics of the Rgs1 compartments was influenced by inductive surface characteristics. On a non-inductive surface (1% agar) that does not support appressorium formation [@ppat.1003527-Liu2], Rgs1-mC failed to localize to dynamic tubulo-vesicular structures, but was predominantly vacuolar or present as small puncta in developing germ tubes (Figure S1A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Likewise, the *pth11*Δ mutant, which is defective in sensing and responding to inductive surface cues [@ppat.1003527-DeZwaan1], lacked such tubulo-vesicular structures and showed a predominantly vacuolar Rgs1-mC signal in the conidial cells (Figure S1B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Rgs1-mC localized to tubulo-vesicular compartments at identical time points in the WT control strain.

Moreover, the dynamic mobility of Rgs1-containing structures was not random but inherently bidirectional, with a subset of the population moving towards the incipient appressorium, while a few punctae trafficked towards the terminal cell of the conidium ([Figure 1B](#ppat-1003527-g001){ref-type="fig"}; [Video S1](#ppat.1003527.s002){ref-type="supplementary-material"}).

Taken together, we conclude that in response to inductive surface cues, such as hardness and hydrophobicity, Rgs1-mC localizes to dynamic tubulo-vesicular compartments that traverse bi-directionally during appressorium initiation in *M. oryzae*. In the absence of such inductive cues or signals, as in the *pth11*Δ strain, Rgs1 is predominantly targeted to the vacuoles.

Rgs1 compartments represent sites of active G-protein signaling {#s2b}
---------------------------------------------------------------

We have previously demonstrated that Rgs1 physically interacts with and negatively regulates the GTP-bound MagA *in vitro* [@ppat.1003527-Liu2]. In order to understand the physiological relevance of Rgs1 localization to the dynamic compartments especially in the context of active G-protein signaling, a *M. oryzae* strain expressing both Rgs1-mC and a GFP-tagged constitutively active MagA/Gα~S~ subunit [@ppat.1003527-Liu2] (*MagA^G187S^*) was generated by insertion of the GFP coding sequence in the alpha B-alpha C loop of MagA [@ppat.1003527-Gibson1]. The wild-type MagA-GFP was used as control. Remarkably, we observed a differential pattern of localization between the constitutively active MagA^G187S^ variant and the wild-type MagA in the vegetative mycelium. The active MagA^G187S^-GFP predominantly localized to distinct vesicles, whereas the wild-type MagA-GFP was primarily plasma membrane bound ([Figure 2A](#ppat-1003527-g002){ref-type="fig"}).

![Rgs1 co-localizes with active Gα~S~/MagA during appressorium initiation or early pathogenic development.\
(**A**) Subcellular localization of MagA^G187S^-GFP and MagA-GFP during vegetative growth. Mycelia from the indicated strains were subjected to confocal microscopy. Single plane images are depicted. Scale bar, 10 µm. (**B**) Colocalization of constitutive active MagA^G187S^-GFP (green) and Rgs1-mCherry (red) compartments during the hooking stage. MagA^G187S^-GFP localizes to cytoplasmic vesicular structures and the plasma membrane (asterisk). The arrow highlights compartments co-populated by MagA^G187S^-GFP and Rgs1-mCherry and the yellow asterisk highlights the same compartment in the inset and the corresponding 3D surface rendering (panels on the far right). The dotted line demarcates the respective conidium. Images in panel B are maximum intensity Z-projections of six confocal stacks, 0.5 µm each. Scale bar equals 10 µm. (**C**) Single plane images of merged channels and corresponding orthogonal view of entire stack showing the co-localization of MagA^G187S^-GFP and Rgs1-mCherry. Representative intensity profiles were obtained for each channel from a single slice along the indicated axes (X and Y) and from the corresponding transverse section of the stack (Z) using Fiji software (**D**) MagA^G187S^ physically interacts with Rgs1. Western blot analysis from a GFP-trap based pull down experiment showing the specific interaction between MagA^G187S^ and Rgs1 during pathogenic differentiation. After probing for MagA^G187S^ -GFP with α-GFP antibody, the same membrane was stripped and re-probed using α-Rgs1 antibody. Total protein from a cytosolic-GFP strain served as a negative control. Equal concentrations of protein from both the strains were used for the pull down experiment. Scale bar = 10 µm.](ppat.1003527.g002){#ppat-1003527-g002}

Next, we tested if the active MagA^G187S^ co-localizes with Rgs1 during early pathogenesis and specifically during the hooking stage (4 hpi). Indeed, active MagA^G187S^-GFP vesicles co-localized with Rgs1-mC ([Figure 2B](#ppat-1003527-g002){ref-type="fig"}), as determined by line scan analysis ([Figure 2C](#ppat-1003527-g002){ref-type="fig"}) and verified quantitatively by Pearson\'s coefficient analysis (value = 0.56) (Figure S2A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Furthermore, utilizing a GFP-trap based pull-down assay with whole cell extracts from MagA^G187S^-GFP and a control strain (cytosolic-GFP expressing strain), we found that MagA^G187S^ physically interacts with Rgs1 ([Figure 2D](#ppat-1003527-g002){ref-type="fig"}). We conclude that Rgs1-containing vesicles and tubules represent sites of active G-protein signaling in *M. oryzae*. Furthermore, we infer that a preferential association exists between Rgs1 and the GTP-bound MagA on such dynamic structures during early stages of surface recognition and appressorium initiation.

Rgs1 physically interacts with Pth11, a non-canonical GPCR {#s2c}
----------------------------------------------------------

Pth11, the CFEM-domain containing non-canonical receptor, is predicted to function upstream of the cAMP signaling pathway in *M. oryzae* [@ppat.1003527-DeZwaan1]. Given that active MagA and Rgs1 colocalized on dynamic structures during early stages of appressorium initiation, we sought to investigate the subcellular localization of Pth11 at this crucial stage of pathogenic development. We found that in a manner identical to Rgs1, a significant fraction of Pth11-mCherry localized to intracellular punctate and/or dynamic tubular structures. In addition, Pth11-mC also localized to the plasma membrane of the germ tube and incipient appressorium ([Figure 3A](#ppat-1003527-g003){ref-type="fig"}).

![Localization of Pth11 and its interaction with Rgs1 in *M.* *oryzae*.\
(**A**) Conidia expressing Pth11-mCherry (pseudocolored yellow) were inoculated on an inductive surface and imaged at the indicated time-points. The inset in the 2 h panel highlights a tubulo-vesicular structure containing Pth11-mCherry. The asterisk depicts the association of Pth11 with the plasma membrane. The dotted line delineates the conidial boundary. Images are maximum intensity Z-projections of five confocal stacks, measuring 0.5 µm each. Scale bar, 10 µm. (**B**) Pth11 physically interacts with Rgs1. Immunoblots from a pull down experiment depicting the specific interaction between Pth11 and Rgs1 during appressorium initiation. Pth11 physically interacted with Rgs1 during pathogenic differentiation and failed to interact with Rgs1 during vegetative growth. In each case, equal concentrations of protein from both the strains were used for the pull down experiment. Total protein from an untagged wild-type strain served as a negative control in B. S1 and S2 represent two independent Pth11-GFP expressing strains. (**C**) An RFP-trap experiment depicting the specific interaction between Pth11-mCherry and Rgs1. After probing for Pth11-mCherry with α-mCherry antibody, the same membrane was stripped and re-probed using α-Rgs1 antibody. Total protein from a cytosolic-mCherry expressing strain served as a negative control in C. (**D**) Confocal microscopy based imaging of a BiFC experiment illustrating the *in-vivo* interaction between Pth11-nYFP and Rgs1-cYFP in the vegetative mycelium and at 4 h post inoculation on an inductive surface (right; DIC in left panel and YFP in right panel). Asterisk indicates YFP signal and thus likely interaction at the plasma membrane. Images are single plane images captured by a confocal microscope. Scale bar, 10 µm.](ppat.1003527.g003){#ppat-1003527-g003}

Although predicted to be a GPCR involved in cAMP pathway [@ppat.1003527-DeZwaan1], there is no evidence supporting the interaction of Pth11 with requisite downstream G-protein signaling components. To assess such an interaction, we performed GFP-trap based pull-down assays using whole cell lysates from a Pth11-GFP strain. Relevant immuno-precipitated or wild type control samples were analyzed by western blotting using α-Rgs1 antibody. Remarkably, Pth11 physically interacted with Rgs1 during the hooking stage (4 hpi) and not during vegetative growth ([Figure 3B](#ppat-1003527-g003){ref-type="fig"}). We further confirmed the physical interaction between Pth11 and Rgs1 by performing an RFP-trap based pull-down with total cell extracts from the Pth11-mCherry and a control strain (cytosolic mCherry expressing strain) ([Figure 3C](#ppat-1003527-g003){ref-type="fig"}). Additionally, in a BiFC (Bimolecular Fluorescence Complementation) assay Pth11-nYFP and Rgs1-cYFP interacted *in vivo* during early pathogenesis (2 and 4 hpi) as judged by the YFP signal detected in the plasma membrane and punctate structures within the germ tube ([Figure 3D](#ppat-1003527-g003){ref-type="fig"}; Figure S3A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Such an interaction between Pth11-nYFP and Rgs1-cYFP was not apparent in the control strains (Figure S3B) or during vegetative growth ([Figure 3D](#ppat-1003527-g003){ref-type="fig"}). Taken together, we conclude that Pth11, active MagA and Rgs1 localize to dynamic tubulo-vesicular compartments. In addition, Pth11 physically interacts with Rgs1 specifically during appressorium initiation or germ tube hooking.

Rgs1 localization to PI3P-containing compartments is dependent on sustained PI3 kinase activity {#s2d}
-----------------------------------------------------------------------------------------------

To determine if Rgs1-mC vesicles formed a part of the endolysosomal network, we performed a colocalization analysis with the fluorescent probe lysotracker green (LTG) that marks acidic endosomal compartments. A large number of structures with diverse morphologies were stained by LTG, whereas only a small population colocalized with Rgs1-mC, indicating that Rgs1 compartments formed a sub-population of the endosomal network (Figure S4A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}).

The phosphoinositide PI3P has been demonstrated to be a major constituent of endosomal membranes, limiting membrane of vacuoles and membranes of intraluminal vesicles of MVBs [@ppat.1003527-Kutateladze1]. The GFP-FYVE (**F**ab1, **Y**OTB, **V**ac1 and **E**EA1) probe has been extensively used to mark the PI3P rich structures [@ppat.1003527-Gillooly1]. Examination of the cellular distribution of GFP-FYVE and Rgs1-mC marked structures revealed a high degree of co-localization, as determined by correlation coefficient (Pearson\'s coefficient = 0.34) and line scan analyses, suggesting a likely endosomal origin for Rgs1-containing vesicles and tubules ([Figure 4A](#ppat-1003527-g004){ref-type="fig"}; Figure S2A and B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Rgs1-mC structures were not related to filamentous mitochondria or vacuoles as judged by lack of colocalization between Rgs1-mC and mito-GFP, or Rgs1-mC and CMAC (7-amino-4-chloromethylcoumarin, a widely used membrane permeable dye that selectively stains fungal vacuoles, [@ppat.1003527-Steinberg1], [@ppat.1003527-WedlichSoldner1], [@ppat.1003527-Breakspear1], [@ppat.1003527-Clergeot1], [@ppat.1003527-Shoji1], respectively (Figure S4 B and C in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}).

![Identity and integrity of the tubulo-vesicular compartments that harbor Rgs1.\
(**A**) Rgs1-mCherry colocalizes with certain PI3P-rich endosomal compartments (marked by GFP-FYVE probe). Arrowheads mark the regions magnified in the inset and surface rendered in 3D. (**B**) Inhibition of PI3 kinase activity by LY294002 results in the loss of Rgs1-mCherry (pseudocoloured yellow) association with tubulo-vesicular structures. Asterisk indicates Rgs1 accumulation along the plasma membrane of the incipient appressorium. DMSO treated sample was used a control. The regions of the germ tube lacking the Rgs1-mC compartments structures are bracketed. LY294002 treatment was carried out 4 hpi. The elapsed time is indicated in seconds (**C**) GFP-Rab7 colocalizes with Rgs1-mCherry during early stages of pathogenesis. The arrowhead depicts the region magnified in the inset and surface rendered in 3D. (**D**) The early endosomal marker Rab5 does not colocalize with Rgs1-mCherry. Arrowheads mark the regions magnified in the inset and surface rendered in 3D. Images are maximum intensity Z-projections of five confocal stacks (0.5 µm each) and the yellow asterisk, in the colocalization panels, marks the same compartment in the inset and the surface renderings. Scale bar, 10 µm.](ppat.1003527.g004){#ppat-1003527-g004}

The PI3 kinase, Vps34, facilitates the synthesis of PI3P on endosomal membranes [@ppat.1003527-Slessareva1]. We disrupted Vps34 function, using the specific inhibitor LY294002 [@ppat.1003527-Takegawa1], [@ppat.1003527-Vlahos1], to determine if a persistent supply of PI3P was necessary to maintain the integrity/dynamic nature of Rgs1 compartments. In contrast to the solvent (DMSO) control, which displayed extensive dynamic tubulo-vesicular structures at the hooking stage, the LY294002-treated samples were devoid of such Rgs1-mC structures. Instead, there appeared to be an accumulation of Rgs1 protein in the plasma membrane of the developing appressorium as well as vesicular aggregates in the terminal cell of the conidium ([Figure 4B](#ppat-1003527-g004){ref-type="fig"}). Additionally, we confirmed the specificity of LY294002 by testing its effect on the GFP-FYVE strain. In contrast to the DMSO control, LY294002 treatment led to enlarged compartments containing an accumulation of the GFP-FYVE probe (Figure S5 in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Based on these results, we conclude that Rgs1 localizes to the P13P-rich endosomal network, in a manner dependent upon sustained PI3 kinase activity.

Rgs1 colocalizes with Rab7 positive late endosomes {#s2e}
--------------------------------------------------

Based on the selective presence of either of the specific small GTPases, namely Rab5 or Rab7, the endosomal system is broadly classified into early and late compartments, respectively [@ppat.1003527-Lachmann1]. To identify the specific endosomal compartments that associate with active Gα~S~ and Rgs1, we carried out a colocalization analysis between Rgs1-mC and GFP-tagged Rab5 or Rab7 (Figure S6A and B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Rgs1-mC clearly colocalized with Rab7 positive late endosomes (Pearson\'s coefficient = 0.48) ([Figure 4C](#ppat-1003527-g004){ref-type="fig"}; Figure S2A and B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}; Figure S7 in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}; [Video S2](#ppat.1003527.s003){ref-type="supplementary-material"}), whereas no correlation was observed between the localization of Rgs1-mC and Rab5 marked early endosomes (Pearson\'s coefficient = 0.11) ([Figure 4D](#ppat-1003527-g004){ref-type="fig"}; Figure S2A and B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}).

To additionally assess whether the MagA^G187S^-GFP or Rgs1-mC harboring compartments were distinct from vacuolar compartments during the hooking stage (4 hpi), we carried out a co-staining analysis between MagA^G187S^-GFP or Rgs1-mC with the vacuolar dye CMAC. We found no colocalization between such GFP or mCherry marked compartments and vacuoles within the incipient appressorium. However, we did observe a distinct colocalization between CMAC and GFP or mCherry in the conidial cells (Figure S8A and B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Taken together, these results clearly demonstrate that Rgs1 specifically localizes to the late endosomes. Furthermore, we propose that Rgs1 compartments, and by inference the late endosomes, likely represent sites of active G-protein signaling and/or anchoring in *M. oryzae*.

Rgs1/late endosomal dynamics are facilitated by the microtubule cytoskeleton {#s2f}
----------------------------------------------------------------------------

In polarized cells, either the microtubule and/or the actin cytoskeleton facilitate the transport of a wide range of intracellular vesicular cargo/compartments. We determined the nature of the cytoskeletal tracks engaged by Rgs1 for mobility by treating samples at the hooking stage, with either MBC (Methyl Benzimidazol-2-yl-Carbamate, to destabilize the microtubule tracks) or latranculin A (LatA, to disrupt actin) [@ppat.1003527-Patkar1], [@ppat.1003527-Czymmek1], [@ppat.1003527-Horio1].

Compared to the DMSO control, the dynamics and morphology of Rgs1-mC tubulo-vesicular structures were completely disrupted upon treatment with MBC ([Figure 5](#ppat-1003527-g005){ref-type="fig"}). Additionally, MBC treatment caused an accumulation of the Rgs1-mC on the plasma membrane and as intracellular aggregates confined to the incipient appressorium and the terminal cell of the conidium. As expected, Rgs1-mC containing structures were coincident with microtubules (GFP-α Tub), supporting the microtubule-dependent trafficking of Rgs1 (Figure S9A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}) in *M. oryzae*. In contrast, LatA-treated samples showed typical mobile/dynamic tubulo-vesicular Rgs1 compartments although at a slightly reduced extent compared to the control sample (Figure S9B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Collectively, our results show that the dynamic mobility of Rgs1-containing late endosomal compartments requires an intact microtubule cytoskeleton.

![Rgs1 utilizes microtubules to traverse along the germ tube.\
Destabilization of the microtubule cytoskeleton disrupts Rgs1 dynamics. MBC treatment leads to Rgs1-mC (pseudocolored yellow) accumulation along the plasma membrane in the developing appressorium (asterisk) and cytoplasmic aggregation or clustering (arrowhead). The region of the germ tube lacking the Rgs1-mC tubulo-vesicular structures is bracketed. DMSO-treated sample served as a negative control. Elapsed time (in seconds) is recorded in panels D and E. Scale bar, 10 µm.](ppat.1003527.g005){#ppat-1003527-g005}

Late endosomal maturation and function is essential for proper cAMP signaling and pathogenicity in *M. oryzae* {#s2g}
--------------------------------------------------------------------------------------------------------------

Vps39 (Vacuolar Protein Sorting 39), a key member of the HOPS (homotypic fusion and vacuole protein sorting) complex, plays a crucial role in the conversion of early endosomes into late endosomal compartments. Disruption of Vps39 function blocks endosomal conversion, producing merged organelles with characteristics of both early and late endosomes [@ppat.1003527-Rink1]. Our results so far support a model in which the late endosomes function as a likely scaffolding platform for active G-protein signaling. To verify our hypothesis and to understand the physiological relevance of late endosomes in cAMP signaling, we disrupted the *VPS39* function in *M. oryzae*. The *vps39*Δ mutant showed significant defects in appressorium initiation, formation and maturation, when compared to the wild-type strain at identical time points ([Figure 6A](#ppat-1003527-g006){ref-type="fig"}). The *vps39*Δ conidia failed to form proper appressoria even upon prolonged incubation on inductive surface (24 h; [Figure 6A](#ppat-1003527-g006){ref-type="fig"}). On an inductive surface, the *vps39*Δ germ tubes showed likely surface sensing and/or signaling defects (multiple hooking but failed appressorium formation), indicative of a lack of proper activation and regulation of cAMP signaling. In addition, disruption of endosomal acidification and hence its function and organization using bafilomycin A1 (an inhibitor of V-ATPases) [@ppat.1003527-Gross1] resulted in a *vps39*Δ like phenotypic defect in the wild type *M. oryzae* ([Figure 6A](#ppat-1003527-g006){ref-type="fig"}). Remarkably, exogenous addition of 8-Br-cAMP completely suppressed such surface sensing and appressorium formation defects in the *vps39*Δ ([Figure 6A](#ppat-1003527-g006){ref-type="fig"}).

![The late endosomal/HOPS component Vps39 is essential for proper cAMP signaling and pathogenesis.\
(**A**) Time course depicting delayed appressorium formation and multiple hooking defects (white arrowheads) in the *vps39*Δ strain on an inductive surface (row one). A *vps39*Δ-like phenotype in the wild type upon treatment with Bafilomycin A1 (Baf A1) on an inductive surface (row two). Rescue of the *vps39*Δ phenotype by exogenous cAMP (row three). Wild-type strain served as a control (row four). Images are DIC from a single slice; elapsed time (hpi) displayed. Scale bars depict 10 µm. (**B**) Bar graph illustrating the efficiency of appressorium formation in the *vps39*Δ strain. Values represent mean ± S.E from three independent replicates, 300 conidia per sample. (**C**) Blast infection assays. Conidia from the indicated strains were inoculated on the susceptible rice (CO39) seedlings and imaged 14 d post inoculation.](ppat.1003527.g006){#ppat-1003527-g006}

The untreated *vps39*Δ strain failed to form proper appressoria even at 24 hpi, and instead showed aberrantly long germ tubes. Only 5% and 40% of *vps39*Δ conidia formed immature appressoria by 10 and 24 hpi, respectively ([Figure 6B](#ppat-1003527-g006){ref-type="fig"}). We carried out infection assays on barley as well as a susceptible rice cultivar (CO39) to test the ability of the aberrant *vps39*Δ appressoria to cause blast disease. Disease symptoms were assessed seven and fourteen days post inoculation in barley and rice, respectively. Compared to the wild type, which caused blast disease with characteristic spindle shaped lesions with gray centers, the *vps39*Δ failed to cause disease or at best elicited only a mild hypersensitive response on rice seedlings ([Figure 6C](#ppat-1003527-g006){ref-type="fig"}) and barley leaf explants (Figure S10B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). Furthermore, the *vps39*Δ strain was additionally compromised for radial as well as aerial growth (Figure S10A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). The number of conidia produced by the mutant was nearly ∼2.5 fold lesser compared to the wild type. Only 10% of the *vps39*Δ appressoria were functional or were successfully able to penetrate the host tissue (Figure S10C in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). In conclusion, anchoring of cAMP signaling via Vps39 activity, and by inference the late endosomal/endolysosomal/HOPS function, is essential for timely and robust cAMP signaling. Additionally, late endosomal function/HOPS is necessary for pathogenesis and disease progression in *M. oryzae*.

Adenylate cyclase localization is disrupted in the *vps39*Δ strain {#s2h}
------------------------------------------------------------------

The suppression of *vps39*Δ defects by exogenous cAMP ([Figure 6A](#ppat-1003527-g006){ref-type="fig"}) implies that the mutant is likely impaired for cAMP synthesis and furthermore compromised for Adenylate cyclase function. We therefore assessed the subcellular localization of Adenylate cyclase (Mac1 or Adc) in the wild type and the *vps39*Δ strain at 4 hpi. Disparate from the tubulo-vesicular localization in the wild type, Mac1-GFP was predominantly cytoplasmic and/or vacuolar in the *vps39*Δ mutant ([Figure 7A](#ppat-1003527-g007){ref-type="fig"}). Likewise, the subcellular localization of Rgs1-mC, as well as GFP-Rab7, was compromised in the *vps39*Δ strain. Both the proteins localized as intracellular aggregates or accumulated in vacuoles present in the conidia ([Figure 7B and 7C](#ppat-1003527-g007){ref-type="fig"}).

![The Late Endosomal scaffolding function is necessary for proper cAMP signaling.\
Subcellular localization of Adenylate cyclase Mac1 (Adc-GFP), Rgs1-mCherry (mC, pseudo colored yellow) and GFP-Rab7 in the wild type and *vps39*Δ at germ tube hooking. (**A**) Adenylate cyclase Mac1 (Adc-GFP), arrowhead illustrates the localization of Adc-GFP to tubular cytosolic compartments in the wild type. The dotted line marks the boundary of the conidium (**B**) Rgs1-mCherry (mC, pseudo colored yellow); region devoid of Rgs1 tubulo-vesicular structures is bracketed and the arrowheads highlight cytoplasmic aggregates and vacuolar accumulation of Rgs1-mC in the *vps39*Δ. (**C**) GFP-Rab7; Inset highlights the morphology of GFP-Rab7 compartments in the wild type and *vps39*Δ backgrounds. All images are single plane confocal images. Scale bars, 10 µm. (**D**) A simplified model of late endosomal compartments functioning as signaling scaffolds that anchor key activators and regulators of G-protein signaling in the rice-blast fungus *M. oryzae*. This model does exclude the possible contribution of G-protein signaling/signal initiation occurring at the plasma membrane and also the possibility that signaling components are actively trafficked to the vacuole either for sequestration or for degradation to maintain cellular homeostasis.](ppat.1003527.g007){#ppat-1003527-g007}

Collectively, our results clearly support a model in which the late endosomes/endolysosomes act as anchors or platforms facilitating proper cAMP signaling. We conclude that disruption of late endosomal integrity or stability results in breakdown of cAMP synthesis and/or regulation, and leads to defects in cell signaling necessary for appressorium initiation during *M. oryzae* pathogenesis.

Discussion {#s3}
==========

Cell shape and the spatial segregation of signaling components therein collectively influence how such molecules interact to produce a timely cellular response. Spatial separation of interacting molecules, by localization to different subcellular compartments/organelles, is a widespread mechanism of regulating pathway activity [@ppat.1003527-Cowan1], [@ppat.1003527-Neves2]. Such a mechanism has been found to widely operate in mammalian cells, wherein signal compartmentalization is established via the anchoring of key molecules on scaffolding proteins called AKAPs.

In this study, we demonstrate that in the absence of authentic AKAP--like anchors [@ppat.1003527-Vandamme1], *M. oryzae* utilizes the dynamic late endosomal system as a common platform to anchor, transmit and directly regulate G-protein signaling during early stages of infection-related development.

Upon conidial germination on an inductive surface, the germ tube tip switches from polarized to isotropic growth (3--4 hpi). In such a context of altering cell shape, the initial pool of less mobile Rgs1 structures transform into highly dynamic tubulo-vesicular compartments. We infer that such a change is likely in response to inductive host cues and successful activation of G proteins. The ability of the late endosomes to traverse the length of the germ tube and navigate in both directions likely facilitates the recycling and/or the transport of signaling components to or away from the sites of active signaling on the plasma membrane. However, the physical interaction and preferential localization of active MagA on Rgs1-containing dynamic vesicles, suggests that the late endosomes function as ancillary sites (in addition to the plasma membrane) of active G-protein signaling in the cytosol, facilitating signal transmission through the complex cytoplasmic milieu.

We have previously demonstrated that cAMP levels in *M. oryzae* are regulated in two distinct phases, i.e., upregulated during appressorium initiation and down regulated during host invasion [@ppat.1003527-Ramanujam1]. In this context, anchoring on dynamic endosomal structures likely provides *M. oryzae* with the flexibility and the means to rapidly assemble G-protein signaling hotspots/complexes within defined regions of the cell, namely the tip of the germ tube or within the incipient appressorium; thus gaining the ability to compartmentalize and regulate the intensity and/or duration of cAMP signaling. Furthermore, given the inherent connection(s) of the endosomal network to the vacuolar pathway, such signaling hotspots may also be rapidly disassembled to down-regulate signaling by targeting such complexes to the vacuoles, either for sequestration or degradation.

Based on the physical interaction with Rgs1 during early stages of appressorium initiation, we implicate Pth11 to be a *bona fide* GPCR (albeit non-canonical) for cAMP signaling in *M. oryzae*. Furthermore, based on the BiFC experiment, we propose that the interaction between Pth11 and Rgs1 likely occurs on the late endosomes, in the context of and in close proximity to the active MagA. It remains to be seen whether such an association requires post-translational modifications as has been demonstrated for the orthologous Sst2 (GAP) and Ste2 (receptor) in budding yeast during the mating response [@ppat.1003527-Ballon1]. Incidentally, treatment with either MBC or the PI3Kinase inhibitor caused increased accumulation of Rgs1 on the plasma membrane of the incipient appressorium, suggesting that the trafficking of Rgs1 and by inference MagA likely initiates at the outer membrane upon receptor (Pth11) activation.

We found that a sustained supply of PI3P is necessary to maintain the integrity and dynamics of the G-proteins anchored on late endosomes. We have recently shown that the N-terminal DEP domain of Rgs1 facilitates specific targeting to such vesicular compartments [@ppat.1003527-Ramanujam2]. Although we have not shown a direct interaction between Rgs1 and PI3P, a previous report has shown that the DEP domain of yeast Sst2 has the propensity to bind specific phospholipids *in vitro* [@ppat.1003527-Ballon1].

Disruption of Vps39, a member of the HOPS complex, resulted in complete deregulation of surface signaling and appressorium formation in *M. oryzae*, suggesting that the late endosomal/endolysosomal function and integrity is crucial for proper cAMP signaling in *M. oryzae*. In *vps39*Δ, a significant proportion of Mac1-GFP (Adenylate cyclase) as well as Rgs1-mC localized to the vacuole. This implies that an intact late endosomal HOPS function prevents key inducers of G-protein signaling from being rapidly targeted to the vacuole for degradation during appressorium initiation. However, Rgs1-mC was predominantly vacuolar during the late stages of pathogenic growth (24 hpi) or *in planta* development (36 hpi) (Figure S11A and B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}), supporting our previous finding that cAMP signaling is down regulated during the late stages of pathogenic development, thus necessitating targeting of signaling proteins to the vacuole for either sequestration, recycling and/or degradation.

The lack of proper appressorium initiation or an extensive delay in appressorium formation in the *vps39*Δ suggests that residual adenylate cyclase activity or G-protein activation likely occurs at other cellular locations, such as the plasma membrane. Such residual activity is likely insufficient to allow proper cAMP synthesis and appressorium formation, implying that the anchoring of G-proteins to the late endosomes allows sustained and robust activation of cAMP signaling in *M. oryzae*. In addition to its essential function in proper appressorium formation (and cAMP signaling) demonstrated here, we believe that endosomal fusion and maturation (Vps39 function) also contributes significantly to basic cellular functions such as proper colony growth, aerial hyphal development and conidiation (Figure S10 in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}).

Our results add to a growing list of recent studies that implicate endosomes, and especially the late endosomes/MVB compartments as signaling scaffolds. In *S. cerevisiae*, the constitutive active G-alpha (Gpa1^Q323L^) interacts with PI3kinase on endosomes that also contain Snf7 [@ppat.1003527-Slessareva1]. In mammalian cells, the MVBs play a positive role in activating Wnt signaling, by sequestering the inhibitor (GSK3) within the ILVs [@ppat.1003527-Taelman1]. In another example, the free RIα subunit of cPKA is sequestered onto the surface of MVB\'s by AKAP11 in a cAMP dependent manner [@ppat.1003527-Day1]. Finally, the integrity of the late endosomes is crucial for amino-acid and insulin stimulated mTOR signaling [@ppat.1003527-Flinn1].

Our study revealed that dynamic tubulo-vesicular endosomes anchor active G-protein/cAMP signaling during appressorium initiation, whereas such signaling moieties are trafficked to the vacuole at late stages of infection-related morphogenesis (Figure S11A in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). It was recently demonstrated that an Adenylate cyclase associated protein, Cap1, localized as bright spots in the cytoplasm of the infection hyphae in *M. oryzae* [@ppat.1003527-Zhou1]. However, we could not detect such punctate localization pattern for Rgs1-mC during infectious growth. Rgs1-mC was predominantly vacuolar in the infection hyphae (Figure S11B in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). The detailed localization and function (if any) of G-protein/cAMP signaling *in planta* would form the basis of future research in blast disease.

In conclusion, our findings clearly suggest that in addition to the canonical role(s), the late endosomal compartments function as legitimate anchors ([Figure 7D](#ppat-1003527-g007){ref-type="fig"}) that integrate trafficking and signal transduction for G-proteins and cAMP synthesis during pathogenesis in the devastating rice blast fungus.

Materials and Methods {#s4}
=====================

Fungal strains and culture conditions {#s4a}
-------------------------------------

The *M. oryzae* wild-type strain B157 was obtained from the Directorate of Rice Research (Hyderabad, India). For growth and conidiation, wild type and mutant strains were grown on prune agar medium (PA; per L: 40 mL prune juice, 5 g lactose, 5 g sucrose, 1 g yeast extract and 20 g agar, pH 6.5) as described [@ppat.1003527-Ramanujam1]. Mycelial plugs were subcultured onto PA plates and incubated in a 28°C incubator in the dark for 7 days. For conidiation, cultures was incubated at 28°C in the dark for two days followed by light induction by exposing the plates to continuous fluorescent light at room temperature for 7 days. All the tagged strains used in this study were characterized for defects in vegetative growth, conidiation, appressorium formation, ability to respond to inductive/non-inductive surfaces, and pathogenicity (Figure S12 and 13 in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). The wild-type strain was used as a control. The strains were also evaluated for protein expression and the size of the GFP- or mCherry fusion proteins was verified using western blot analysis (Figure S12 and 13 in [Text S1](#ppat.1003527.s001){ref-type="supplementary-material"}). All the strains were found to be wild type like and the tagged proteins were found to be biologically functional. Experimental results were verified with a minimum of two strains of the same genotype. All strains used in this study were validated by Southern blotting, locus specific PCRs and requisite DNA sequence analyses. We have carefully compared and ascertained that constitutive promoter driven expression does not compromise the function, localization, and dynamics of the tagged Pth11 or Rgs1 compared to the natively expressed GFP-tagged versions. Only the intensity of the signal was enhanced thus allowing for better live-cell imaging. In the MagA^G187S^-GFP, MagA-GFP, Mac1-GFP, Rgs1-GFP and Pth11-GFP strains, the fusion protein in each instance is the sole copy of the given protein in that strain.

Evaluation of pathogenicity {#s4b}
---------------------------

For pathogenicity assays, leaves from two-week old barley seedlings were cut into small pieces (2--3 cm long) and washed in sterile water, following which the leaf explants were rinsed for 45 seconds in 40% ethanol. The leaf pieces were then washed twice with sterile antibiotic containing distilled water. The washed leaves were placed on kinetin agar medium (2 mg/mL kinetin, 1% agar). Conidia were quantified and a dilution series of the conidial suspension was inoculated on detached barley leaves at the required concentrations. The samples were incubated in a humidified growth chamber with a 16 h light/8 h dark cycle at 22°C. Disease symptoms were assessed 5--7 days post inoculation.

Plasmid constructs for the expression of *RGS1*-mCherry fusion {#s4c}
--------------------------------------------------------------

The *RGS1* gene was tagged with mCherry at the C-terminus since the N-terminal DEP-DEP domain is known to specify membrane targeting [@ppat.1003527-Ramanujam2]. The mCherry ORF was PCR amplified from pmCherry (BD Biosciences Clontech, USA). The *RGS1* gene (MGG_14517) was amplified from genomic DNA of wild type *M. oryzae*. The TrpC terminator was amplified using pFGL275 as template. The PCR products were digested with appropriate restriction enzymes (New England Biolabs, Beverly, MA) and purified using the gel elution Nucleospin Extract II kit (Machery-Nagel, Easton, PA). Using a three way ligation approach the mCherry (*Sma*I/*BamH*I) fragment along with the TrpC terminator as a *BamH*I/*Xba*I fragment were cloned into the *Sma*I/*Xba*I sites of pFGL44 vector \[encoding hygromycin phosphotransferase gene (*HPH1*)\] to obtain pFGL44-mCherry-TrpC terminator. The digested and eluted *RGS*1 (*EcoR*I/*Sma*I fragment) and Ccg1 (*EcoR*I-*EcoR*I) fragments were sequentially cloned into pFGL44-mCherry-TrpC, to yield pFGL44-*RGS*1-mCherry-TrpC and subsequently to give pFGL44-Ccg1-*RGS*1-mCherry-TrpC, representing the final construct. The orientation of the Ccg1 promoter fragment in the final constructs was confirmed using *Hind*III and *Kpn*I restriction enzymes. The final clones were subjected to sequence analysis and then introduced into the wild type B157 strain via *Agrobacterium* T-DNA-mediated transformation. Fungal transformants were selected based on resistance towards hygromycin (CM containing 250 µg/ml hygromycin, A.G. Scientific Inc, USA). Fungal transformants were screened for Rgs1-mCherry expression using an epifluorescence microscope and confirmed by sequencing of the requisite genomic region.

Construction of plasmid vector for eGFP-α Tubulin {#s4d}
-------------------------------------------------

The α-Tubulin gene was tagged at the N-terminus with eGFP driven by the RP27 promoter [@ppat.1003527-DeZwaan1], [@ppat.1003527-Khang1]. The eGFP was PCR amplified from pEGFP-N1 (BD Biosciences Clontech, USA). The RP27 promoter and the α-tubulin gene (MGG_06650) were amplified using genomic DNA from extracted from wild type *M. oryzae* as template. Plasmid pFGL275 was used as a template for the amplification of the TrpC terminator. The PCR products obtained were digested with suitable restriction enzymes (New England Biolabs, Beverly, MA) and purified using the gel elution Nucleospin Extract II kit (Machery-Nagel, Easton, PA). The TrpC terminator as a *Sma*I/*BamH*I fragment was cloned into the *Sma*I/*BamH*I sites of pFGL97 vector \[encoding ammonium glufosinate gene (*BAR*)\] to obtain pFGL97- TrpC terminator. The digested and eluted eGFP (*Nco*I/*Sma*I fragment) and RP27 (*EcoR*I/*Nco*I) fragments were cloned using a three way ligation approach into pFGL97-TrpC, to yield pFGL97-RP27-eGFP-TrpC. Finally the α-tubulin was cloned as a *Sma*I/*Sma*I fragment into pFGL97-RP27-eGFP-TrpC to subsequently yield pFGL97-RP27-α-tubulin-eGFP-TrpC, representing the final construct. The orientation of the α-tubulin fragment in the final construct was confirmed using *BamH*I restriction enzyme. The final clones were subjected to sequence analysis and were then introduced into the appropriate background (Rgs1-mCherry) strain via *Agrobacterium* T-DNA-mediated transformation. Fungal transformants were initially selected using ammonium glufosinate resistance (BM containing 50 µg/ml ammonium glufosinate, Cluzeau Info Labo, France) and confirmed by genomic DNA sequencing and GFP expression.

Construction of plasmid vector for eGFP-Vps21/Rab5 and eGFP-Ypt7/Rab7 {#s4e}
---------------------------------------------------------------------

The Rab5 ortholog in *M. oryzae*, Vps21 gene (MGG_06241) was also tagged at the N-terminus with eGFP and driven by the RP27 promoter [@ppat.1003527-DeZwaan1], [@ppat.1003527-Khang1]. C-terminal tagging of Vps21/Rab5 is known to disrupt protein function. The eGFP was PCR amplified from pEGFP-N1 (BD Biosciences Clontech, USA). The RP27 promoter and the Vps21 gene were amplified using genomic DNA from extracted from wild type as template. Plasmid pFGL275 was used as a template to amplify the TrpC terminator. The PCR products obtained were digested with suitable restriction enzymes (New England Biolabs, Beverly, MA) and purified using the gel elution Nucleospin Extract II kit (Machery-Nagel, Easton, PA). First, the digested Vps21 gene, digested with *Sma*I/*BamH*I was cloned into pFGL97 vector \[encoding ammonium glufosinate gene (*BAR*)\] at the *Sma*I/*BamH*I sites, followed by the TrpC terminator as a *BamH*I/*BamH*I fragment to obtain pFGL97-Vps21-TrpC terminator. The orientation of the TrpC terminator was confirmed using *Nco*I/*Pst*I restriction enzymes. Next, the digested and eluted RP27 (*EcoR*I/*Nco*I) and eGFP (*Nco*I/*Sma*I fragment) fragments were cloned using a three way ligation approach into pFGL97-Vps21-TrpC, to yield pFGL97-RP27-eGFP-Vps21-TrpC, the final construct.

The Rab7 ortholog Ypt7 (MGG_08144) in *M. oryzae* was also tagged at the N-terminus, utilizing the pFGL97-RP27-eGFP-TrpC vector as the base for cloning. As mentioned above, the Ypt7 gene was PCR amplified using wild type genomic DNA as template. The Ypt7 amplicon was digested with *Sma*I enzyme and cloned into the pFGL97-RP27-eGFP-TrpC vector, at the *Sma*I site. This yielded the final construct pFGL97-RP27-eGFP-Ypt7-TrpC. The orientation of cloned Ypt7 fragment was checked and confirmed by digestion with *Hind*III.

In both the cases, the final clones were subjected to sequence analysis and were then introduced into the appropriate background strains (*RGS1*-mCherry) via *Agrobacterium* T-DNA-mediated transformation. Requisite transformants were initially screened by epifluorescence microscopy for GFP expression, and candidate strains confirmed by locus-specific PCR and genomic DNA sequencing.

Construction of plasmid vector for eGFP-2X FYVE {#s4f}
-----------------------------------------------

The eGFP-2X FYVE fragment was released from pEGFP-2X FYVE (a kind gift from Prof Harald Stenmark) as an *Nco*I-*Sma*I fragment. This fragment (*Nco*I-*Sma*I), along with the RP27 promoter (*EcoR*I-*Nco*I) was cloned into pFGL97 vector using a three-way ligation strategy to yield pFGL97-RP27-eGFP-2X FYVE. The TrpC terminator was cloned next into the same vector as *Sma*I/*BamH*I fragments to yield the final construct pFGL97-RP27-eGFP-2X FYVE-TrpC. Transformants were identified and confirmed as described above.

Construction of plasmid vector for active Gα~S~-GFP (MagA^G187S^-GFP) and wild type Gα~S~-GFP (MagA-GFP) {#s4g}
--------------------------------------------------------------------------------------------------------

Tagging at the C- or the N-terminus with fluorescent marker is known to compromise the function of the G-alpha subunit. In order to circumvent this problem, we introduced the eGFP coding sequence in frame into the alphaB-alphaC loop of *M. oryzae* MagA/Gαs (between amino acids 113--120; as suggested by D. Siderovski and D. Bosch, USA based on an earlier study [@ppat.1003527-Gibson1]. Based on an alternate strategy in *D. discoideum* [@ppat.1003527-Janetopoulos1], the Gα subunits in *N. crassa* were recently tagged with TagRFP in the first alphaA-alphaB loop [@ppat.1003527-Eaton1]. We used vector pFGL718 in which the fragment encoding ammonium glufosinate and eGFP is available as an *Hpa*I-*Mlu*I fragment. Genomic DNA from the wild type was used as template to amplify the regions flanking either side of the alphaB-alphaC loop region in the MagA protein. The upstream flank was amplified as an *EcoR*I-*Mlu*I fragment and the downstream flank as an *Hpa*I-*Hind*III fragment. Both the flanks were amplified such that they also incorporated short six amino acid linkers. In addition, another downstream flank incorporating the G187S point mutation was also amplified as an *Hpa*I -*Hind*III fragment, using genomic DNA from the MagA^G187S^ strain [@ppat.1003527-Liu2]. The sequence of the *Hpa*I-*Hind*III fragment incorporating the G187S point mutation was sequenced and verified. The single 5′ upstream fragment and the two 3′ flanks were digested with appropriate restriction enzymes and cloned into pFGL718, such that the upstream flank, the *BAR*-eGFP fragment and the downstream flank were all in frame. The constructs were confirmed and integrated into the Rgs1-mCherry strain such that the GFP-tagged MagA replaced the wild-type copy by homologous recombination. Site-specific replacement was confirmed using Southern analysis, locus-specific PCR and nucleotide sequencing.

Construction of plasmid vectors for BiFC strain expressing (RP27-Pth11-YFP^1--156^) and (Ccg1-Rgs1-YFP^156--239^) {#s4h}
-----------------------------------------------------------------------------------------------------------------

A BiFC strain expressing Pth11-YFP^1--156^ and Rgs1-YFP^156--239^ was generated to study at the interactions between the two proteins *in-vivo*. For this purpose, two constructs were generated, one in which *PTH11* was cloned into pFGL44 and tagged C-terminally to YFP^1--156^ under the RP27 promoter; whereas the second construct involved cloning *RGS1* into pFGL97 and tagged at the C-terminus to YFP^156--239^ under the Ccg1 promoter. The selected strains were confirmed by PCR analysis with appropriate controls.

Construction of *vps39*Δ strain {#s4i}
-------------------------------

The *VPS39* deletion mutant was generated using the standard one-step gene replacement strategy. Genomic DNA fragments (about 1 kb each) representing the 5′ and 3′ UTR of *VPS39* (MGG_01054) gene were amplified by PCR, ligated sequentially so as to flank the ammonium-glufosinate resistance gene cassette (*BAR*) under the TrpC promoter in pFGL97 to obtain plasmid vector pFGLvps39-KO. The sequence of pFGLvps39-KO gene replacement constructs was confirmed and introduced into Rgs1-mCherry, GFP-Rab7 and Mac1-GFP strains via Agrobacterium T-DNA-mediated transformation to specifically replace the *VPS39* with *BAR* resistance cassettes. Resistance to ammonium glufosinate (BM containing 40 ug/ml ammonium glufosinate (Cluzeau Labo, France) was used to select transformants.

Immuno-precipitation assay utilizing GFP and RFP-Trap {#s4j}
-----------------------------------------------------

Total protein was extracted using non-denaturing NP40 buffer (10 mM Tris/Cl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP40, 1 mM PMSF and 1× Protease Inhibitor Cocktail). Total protein was extracted from conidia inoculated on an inductive surface at the hooking stage (4 hpi) or from vegetative growth from the requisite strains. Equal concentration of total protein lysate was incubated with GFP/RFP-Trap agarose beads (ChromoTek, Germany) and immuno-precipitation carried out as per manufacturer\'s instructions. Immuno-precipitated samples was fractionated by SDS--PAGE (on 4--20% pre-cast gels, Bio-Rad, USA), transferred onto a PVDF membrane (Millipore Corporation, USA) and immuno blotted with α-Rgs1 (DEP-DEP domain specific) , α-GFP or α-mCherry antiserum (1∶1000 dilution). Secondary antibodies conjugated to horseradish peroxidase were used at 1∶10000 dilutions. The Super Signal kit (Pierce, USA) was used to detect the chemi-luminescent signal as instructed [@ppat.1003527-Liu2], [@ppat.1003527-Ramanujam2].

Appressorial assays, chemical inhibitors and rescue experiments {#s4k}
---------------------------------------------------------------

For appressorial assays and imaging using bright field optics, harvested conidia were resuspended in sterile water at a required concentration. Droplets (20--40 µl) containing conidial suspension was placed on hydrophobic plastic coverslips or glass bottom dishes (Mat Tek Corporation, USA) and incubated under humid conditions at room temperature. The Rgs1-mC strain was inoculated on hydrophobic plastic coverslips and treated for 30 minutes with MBC (final concentration 1 µM) and LatA (final concentration 10 µM) at the hooking stage. PI3Kinase inhibitor LY294002 was added to Rgs1-mCherry conidia germinated on an inductive surface 4 hpi at a final concentration of 100 µM. The treatment was carried out for 180 minutes. In the case of *GFP-FYVE* strain, the LY294002 treatment was also carried out 4 hpi on an inductive surface, for 60--90 minutes. Rescue of the *vps39*Δ mutant was carried out by adding 8-Br-cAMP to a final concentration of 10 mM at 0 hpi. Wild type was treated with Bafilomycin-A1 2 hpi at a final concentration of 50 nM. A 0.1% DMSO solvent control was used in all assays. CMAC was used at a final concentration of 10 µM. Staining with CMAC was usually carried out 3--4 hpi, on an inductive surface, for 10--15 min at 37°C. The sample was washed and subsequently visualized. Lysotracker Green was used at a final concentration of 50 nM. Staining was carried out for 10 min at 37°C, 4 hpi, on an inductive surface.

Live cell imaging and colocalization analysis {#s4l}
---------------------------------------------

Droplets (20--40 µl) containing conidial suspension were placed on hydrophobic plastic coverslips or glass bottom dishes (Mat Tek Corporation, USA) and incubated in a moist chamber at room temperature. Imaging was performed at the specified time points. Bright field images were captured at desired time points post inoculation using an Olympus BX51 microscope equipped with a PlanAPO 100×/1.45 or UPlan FLN 60×/1.25 objective with appropriate filter sets. Images were captured using a CoolSNAP HQ camera (Photometrics, USA) and processed using MetaVue (Universal Imaging, USA).

Time-lapse or live cell fluorescence microscopy was performed using a Zeiss Axiovert 200 M microscope (Plan Apochromat 100×, 1.4NA objective) equipped with an UltraView RS-3 spinning disk confocal system (PerkinElmer Inc., USA) using a CSU21 confocal optical scanner, 12-bit digital cooled Hamamatsu Orca-ER camera (OPELCO, Sterling, VA, USA) and a 491 nm 100 mW and a 561 nm 50 mW laser illumination under the control of MetaMorph Premier Software, (Universal Imaging, USA). Typically, z-stacks consisted of 0.5 µm-spaced planes for every time point. The maximum projection was obtained using the Metamorph built-in module. Alternatively, images were acquired using a Nikon TiE system (CFI Plan Apochromat VC 100XH 1.4 N.A. objective) equipped with a Yokogawa CSU-X1-A1 spinning disk unit, a Photometrics CoolSNAP HQ2 camera and a DPSS 491 nm 100 mW and DPSS561 nm 50 mW laser lines under the control of MetaMorph Premier Software, (Universal Imaging, USA). Typically, single z-plane or image stacks that consisted of 0.5 µm-spaced sections were captured. GFP and LTG excitation were performed at 491 nm (Em. 525/40 nm), FM4-64 excitation at 491 nm (Em. 607/36 nm), mCherry excitation at 561 nm (Em. 607/36 nm), YFP excitation at 515 nm (Em. 542/27 nm) and CMAC excitation at 405 nm (Em. 452/45 nm).

For quantitation of colocalization the raw .STK files were opened as stacks in Imaris, and the extent of colocalization between Rgs1-mCherry and the other GFP-tagged proteins or endosomal markers was measured using the Colocalization module of Imaris 7.5, 64-bit version (Bitplane AG, Saint Paul, MN, [www.bitplane.com](http://www.bitplane.com)). Two-channel Z-stacks were assembled and the relative intensity of each wavelength determined for each voxel. The minimum intensity threshold for the analysis was determined for each channel automatically using the iterative algorithm defined by Costes et al. [@ppat.1003527-Costes1]. A time-dependent analysis of colocalization was run for each sample. Both the percentage of material colocalized (as determined by the number of colocalized voxels relative to the total number of voxels with an intensity value of GFP signal above the minimum intensity threshold) and the Pearson\'s colocalization coefficient was calculated from each sample for a minimum of four time points, a minimum of three different cells and at least two independent experiments performed on different days. The data were pooled and the results represent the average with error bars corresponding to the standard error of the mean.

Image processing {#s4m}
----------------

Image processing and figure preparation was performed using Bitplane Imaris for 3D surface rendering and colocalization analysis (see above), Fiji (<http://fiji.sc/wiki/index.php/Fiji>), and Adobe Photoshop and Microsoft Excel (for figure preparation).

GenBank accession numbers {#s4n}
-------------------------

Sequences for genes described in this article can be found under the following accession numbers: *M. oryzae RGS1* (MGG_14517), *MAG A* (MGG_01818), *PTH11* (MGG_05871), *VPS21* (MGG_06241), *YPT7* (MGG_08144), *TUB* (MGG_06650), *VPS39* (MGG_01054) and *MAC1* (MGG_09898)

Supporting Information {#s5}
======================

###### 

Supporting Figures and Tables: Details about (a) Dynamics of Rgs1-mCherry during growth on a non-inductive surface and in the *pth11*Δ strain (b) Pearson\'s coefficient analysis and line scan graphs for colocalization between Rgs1 and specific marker proteins (c) BiFC experiment showing *in-vivo* interaction between Pth11 and Rgs1 at 2 hpi and controls for the hooking stage (4 hpi) (d) Colocalization analysis between Rgs1 and intracellular organelles (e) Effect of PI3 kinase inhibitor LY294002 on the GFP-FYVE strain (f) Orthologs for early or late endosome specific Rab GTPases in *M. oryzae* (g) Specific colocalization between Rgs1 and the late endosomal moieties (h) Colocalization between MagA^G187S^-GFP and Rgs1-mCherry and CMAC stained vacuoles (i) Role of F-actin cytoskeleton in Rgs1 dynamics (j) Colony morphology, aerial growth and disease causing ability of the *vps39*Δ strain (k) Subcellular localization of Rgs1-mC (24 hpi) and during *in-planta* growth (36 hpi) (l) Characterization and western blot analysis of strains used in this study (m) Characterization, quantification of conidiation and appressorial function of the strains used in this study (n) Oligonucleotide primers used in this study.

(PDF)

###### 

Click here for additional data file.

###### 

Dynamics and Mobility of Rgs1. Rgs1-mCherry in tubulo-vesicular compartments, 4 hpi, on an inductive surface. Movie shows a time series of maximum intensity Z-projection of confocal stacks of five slices; elapsed time is indicated in seconds.

(MOV)

###### 

Click here for additional data file.

###### 

Colocalization of Rgs1 with Late endosomes. GFP-Rab7 marked late endosomes associate with Rgs1-mCherry structures at the hooking stage. Movie shows a time series of images that are maximum intensity Z-projections of confocal stacks; elapsed time is indicated in seconds and the associated Pearson\'s correlation coefficient is displayed for each time point.

(MOV)

###### 

Click here for additional data file.
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